Living systems produce ordered structures and nanomachines that inspire the development of biomimetic nanodevices such as chips, MEMS, actuators, sensors, sorters, and apparatuses for single-pore DNA sequencing, disease diagnosis, drug or therapeutic RNA delivery. Determination of the copy numbers of subunits that build these machines is challenging due to small size. Here we report a simple mathematical method to determine the stoichiometry, using phi29 DNA-packaging nanomotor as a model to elucidate the application
The members of ASCE family usually assemble as multimeric, often hexameric, 26, 29 ring-shaped particles and act in coordination to perform cellular functions that involve multiple components in multi-step reactions. The hexameric geometrical shape facilitates bottom-up assembly in nanomachine manufacturing and can produce stable patterned arrays as parts for nanodevices. Quantitative analysis of copy number in these systems is difficult since the biological reactions that they catalyze are rapid and the intermediates are difficult to isolate and characterize.
Viral DNA packaging motors are intriguing molecular motors since they can package the lengthy genomic DNA to nearcrystalline density into a pre-formed protein shell known as the procapsid. 3 The pivotal component of the DNA packaging motor is the ATPase, which forms a ring structure and converts chemical energy from ATP hydrolysis into mechanical force to physically move the genomic DNA into the procapsid. The bacteriophage phi29 is an excellent model system for studying viral DNA packaging motors.
Four decades of extensive study have provided many details about the phi29 DNA packaging motor, 8, [30] [31] [32] which is composed of three essential co-axial rings: a dodecameric connector ring located at the vertex of the procapsid, a hexameric pRNA ring bound 31 to the N-terminus of the connector, 33 and a hexameric ring of ATPase gp16 that surrounds the helical region of pRNA 26, 30 (for review, see 9 ). Sequence alignment has revealed that phi29 ATPase gp16 belongs to the FtsK/HerA family of dsDNA translocases that is a member of the FtsK/Her superfamily. 34 The proteins of this family usually form hexameric rings and function in coordination. Native gel shift assays, capillary electrophoresis (CE), Hill constant determination, and titration of mutant subunits using computational binomial distribution have determined gp16 to be hexameric following a monomer → dimer → tetramer → hexamer pathway. 26 The hexameric motor uses a revolution mechanism without rotation. 9, 26, [35] [36] [37] A variety of methods have been attempted to quantify the reaction in viral DNA packaging motors. 38, 39 The stoichiometry of pRNA has been determined utilizing binomial distribution to predict the number of pRNA bound on the procapsid, taking advantage of the highly sensitive in vitro phi29 phage assembly system with 10 8 magnitude of sensitivity. 40, 41 This system can produce 10 8 virions (PFU, plaque form unit) per ml without any background. The goal of this study is to develop a simple mathematical method for determining the copy number of protein subunit in a biological complex. A Walker B mutant ATPase gp16 (gp16/ED) was constructed that dramatically inhibited the virion assembly activity of wild type gp16. The Walker B mutant gp16 could assemble into a ring on the motor together with wild type gp16. The probability of various combinations of mutant and wild type gp16 on the motor was predicted with binomial distribution. The production of the virion could be predicted under the assumption that Z gp16 copies are needed to drive the packaging motor and K copies of inhibitive mutant gp16 are required to block the motor. The pre-requisition of this method in the stoichiometry determination is that the mutant and the wild-type ATPase have an equal affinity in substrate binding. Since we can construct different mutant gp16 ATPase with only single mutation and inactive the entire system with only one amino acid modification. This trivial change will not significantly change the system, making it a feasible approach for the usage of the binomial distribution equation. This method could serve as a way to study the stoichiometry and mechanism of many other biological complexes.
Methods

Construction of mCherry-gp16 and mutant eGFP-gp16 plasmids
The strategy for construction of mCherry-gp16 was the same as that used for the construction of the eGFP-gp16 clone, as previously described. 42 The mCherry gene was amplified by PCR (Polymerase Chain Reaction) with appropriate primers and digested with XbaI and KpnI. The mCherry-gp16 gene was then inserted into the previously re-engineered His-gp16 on pET32 Xa/Lic vector 43 to replace the thioredoxin gene. The Walker B mutant, eGFP-gp16/ED, was cloned with the Stratagene Quick Change site-directed mutagenesis kit. The amino acid residues D255 and E256 of gp16 were mutated to E and D, respectively, with the appropriate primers. For Walker A mutant, the G27 amino acid residue was mutated to D.
Expression and purification of eGFP-gp16, mutant eGFP-gp16 and mCherry-gp16
The expression and purification of eGFP-gp16 were described previously. 42 The walker B mutant eGFP-gp16/ED, walker A mutant eGFP-gp16/G27D and wildtype mCherry-gp16 protein were expressed and purified by the same protocol. Briefly, the expression of the proteins was induced with 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) in BL21 (DE3) Escherichia coli. The harvested cells were resuspended in buffer A (20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 15% glycerol, (2-carboxyethyl) phosphine (TCEP) and 0.1% Tween-20) containing 5 mM imidazole. The cells were then passed through a French press and cell debris was removed by centrifugation. 0.1% Polyethylenimine (PEI) was added to remove the nucleic acids and other proteins. Lysate was loaded onto a Ni-resin column for further purification.
In vitro virion assembly assay
The components used in the in vitro phage phi29 assembly assay, including the procapsid, pRNA, DNA-gp3, gp9, and gp11-12-13-14 were prepared, as previously described. 41, 44 The in vitro phi29 assembly assay was also carried out as previously described. 43, 45 Briefly, 10 μl of purified procapsid (1 mg/ml) was mixed with 1 μl of 100 ng/μl pRNA and 3 μl of reaction buffer (10 mM ATP, 6 mM 2-mercaptoethanol, and 3 mM spermidine in TMS) at ambient temperature for 30 min. Then, DNA-gp3 and re-engineered gp16 diluted in PEG buffer (15% PEG 8000, 5% glycerin, 100 mM NaCl, 20 mM Tris-HCl, pH 7.8) were added at room temperature for 1 h to initiate the DNA packaging.
Finally, 10 μl of gp8.5-9 extract from E. coli HMS174 containing plasmid pARgp8.5-9 and 20 μl of gp11-12-13-14 extract from E. coli HMS174 containing plasmid pARgp11-12-13-14 were incubated with the DNA packaging mixture for 2 h at room temperature. The virions produced (PFU/ml) were quantified by plating Bacillus subtilis Su 44+ infected with serial dilutions of the mixture on half LB plates.
Electrophoretic mobility shift assay
EMSA was carried out as previously described. 46 The samples for EMSA assay were prepared in 20 μl of buffer A (20 mM TrisHCl, 50 mM NaCl, 1.5% glycerol, 1 mM Mg 2+ ). Gp16 protein (1 μM), either wild type mCherry-gp16 (1 μM), walker A mutant eGFP-gp16/G27D (1 μM) or walker B mutant eGFP-gp16/ED (1 μM), or a mixture of wildtype mCherry-gp16 (1 μM) and mutant eGFP-gp16 (1 μM) was mixed with 0.67 μM (40 bp) Cy5-DNA with in the presence of 2.5 mM γ-S-ATP. The samples were incubated at ambient temperature for 20 min and then loaded onto a 1% agarose gel in 0.5 × TB (44.5 mM Tris, 44.5 mM boric acid) as running buffer for electrophoresis for 2 h at 80 V at 4°C. The fluorescence produced by eGFP-gp16, mCherry-gp16 and Cy5-DNA in the gel was analyzed with a Typhoon FLA 7000 using 488 nm, 540 nm and 635 nm excitation for GFP, mCherry and Cy5, respectively.
Determination of the number of gp16 subunits in an active phi29 motor
Inhibition of the phi29 assembly by mutant eGFP-gp16s was performed to determine the gp16 subunit numbers in an active phi29 motor. Briefly, incubate the procapsid with pRNA in reaction buffer for 30 min at ambient temperature, followed by the addition of gp3-DNA and a mixture of mutant and wild type eGFP-gp16 that were pre-mixed in various ratios in the storage buffer and diluted in PEG buffer. 40 They were incubated with pRNA enriched procapsid at room temperature for 30 min, then the tail protein gp9 and gp11-14 were added and incubated for another 1 h to complete the phage assembly. Assuming that wild type and mutant eGFP-gp16s have the same ability to bind together to form a hexameric ring, the probability of gp16 multimer (Z) ring formation with certain number of mutant gp16 copies (M) and wild type gp16 copies (Z-M) can be modeled with the following binomial distribution formula:
where p and q are the percentages of wild type mCherry-gp16 and mutant eGFP-gp16/ED, respectively and p + q = 100%, Z represents the total number of monomeric gp16 that bound to one procapsid-RNA complex as one DNA packaging motor, M and Z-M represent the number of mutant and wild type gp16, respectively. We assumed that at least K mutant copies of gp16 are needed to deactivate the phi29 packaging motor. Therefore, we can predict the theoretical activity of the phi29 DNA packaging motor with the following formula:
Results
Rationale and background for the method of quantification
The approach for quantifying the gp16 subunits described here is based on the results and molecular details of the phi29 DNA packaging motor (Figure 1) , revealed by extensive studies over four decades. pRNA assembles as a hexamer ring on the phi29 DNA packaging motor, as confirmed by AFM (Atomic Force Microscopy) imaging and an RNA crystal structure at 3.05 Å resolution. 26, 47 A hexameric structure is supported by the finding that pRNA binding to the dodecameric connector results in a 6-fold symmetry; but pentamer supporters proposed that pRNA binds the 5-fold procapsid shell. Cross-linking studies, though, have shown that pRNA binds to the connector protein gp10, not the procapsid protein. 48 The ATPase gp16 is the central part of the bacteriophage phi29 DNA packaging motor. Gp16 exists as a monomer in solution and assembles randomly into a strong and tight oligomeric ring on the phi29 DNA packaging motor. It binds to the motor pRNA, which also forms a ring-like structure surrounding the connector. It initiates and powers the motor mechanism of viral DNA packaging by hydrolyzing ATP. 26, 46 The ATPase gp16 contains two highly conserved motifs called Walker A and Walker B motifs. Walker A motif is responsible for ATP binding and Walker B motif is a very important component of ATP hydrolysis. 30, 35 Any alteration of the key amino acid residues in the Walker B motif will abolish ATP hydrolysis to ADP and P i. 26 The mutation of the amino acid residues D255 and E256 in the Walker B motif of gp16 to E and D, respectively (eGFP-gp16/ED), abolished only the ATPase hydrolyzing activity, but did not affect other key functions such as DNA binding and inter-subunit interactions to form an ATPase oligomer ring. Thus we tested eGFP-gp16/ED inhibition phi29 virion assembly in vitro using the highly sensitive in vitro phi29 virion assembly system 40, 41 to quantify the subunit gp16 number in an active phi29 DNA packaging motor.
Walker B mutant gp16 interacted with the wild type gp16 to assemble into a protein ring There were discrepancies regarding the stoichiometry of the motor component gp16. Binomial distribution of wild type and mutant gp16 in an inhibition assay was utilized to clarify the discrepancy and to elucidate the stoichiometry of the motor ATPase gp16. 26 To inhibit the DNA packaging activity of wild type gp16, the Walker B mutant gp16 (eGFP-gp16/ED) is incorporated into the gp16 ring with wild type gp16 as competitors. To investigate the interaction between the wild type gp16 and Walker B mutant gp16, a new fluorescent fusion gp16 mCherry-gp16 was constructed. mCherry-gp16 has a different excitation and emission wavelength than eGFP-gp16, as such, the two proteins can be distinguished from each other by fluorescent scanning in the gel shift assay. Furthermore, the mCherry-gp16 protein migrated slower than eGFP-gp16 or its mutants in the EMSA (Electron Mobility Shift Assay) (Figure 2,  A) . If mutant eGFP-gp16/ED interacts with wild type mCherrygp16, the mutant eGFP-gp16/ED will also migrate to a different position in a slower fashion. Since the eGFP-gp16 and mCherry-gp16 are only soluble in the presence of ATP (or its analog γ-S-ATP) and DNA, the interaction of the two proteins was examined under this condition. The eGFP-gp16/ED migrated much slower in a 1% agarose gel in the presence of wild type mCherry-gp16 in lane 5 than by itself as shown in lane 4 (Figure 2, A) . This result indicated that the Walker B mutant eGFP-gp16/ED indeed interacted with wild type mCherry-gp16 to form a ring complex. The data showing the purity and homogeneity of purified gp16 and its derivatives can be found in Figure 2 , B.
Determination of the distribution of gp16 in functional packaging motors
The stoichiometry of protein subunit number (denoted as Z) in the ring was determined. As explained in the Methods Section, Walker B mutant was assumed to have the same ability to form the ring complex as the wild type. The protein multimer ring composed with same number of mutant and wild type gp16 protein will appear with the same chance. For instance, two hexameric rings, WWMMWW and WMWWMW, had two mutants out of a total of six gp16 (W stands for wide-type and M for mutations), which were generated with the same frequency. This gave the binomial equation A as discussed in the Methods Section where p and q are the percentages of wild type eGFP-gp16 and mutant eGFP-gp16/ ED, respectively (p + q = 100%). To determine which packaging motors were non-functional, K was denoted as the minimum number of mutant copies of gp16 needed to deactivate the phi29 packaging motor. Therefore, the probability of generating functional protein rings was calculated as equation B. The goal was to determine Z, gp16 stoichiometry, and K, the number of mutant gp16 copies sufficient to block DNA packaging based upon the above posited mathematical model. Through the detailed statistical analysis below, experimental data suggested that Z = 6 and K = 1, consistent with previous findings. 26, 35 Statistical analysis of phi29 assembly yields to determine the number of inactive mutant gp16 required to block motor function
Six independent experiments were conducted to determine the minimum number of inactive mutant gp16 required for blocking motor function. In each experiment 9 points of different percentages of mutant gp16 that range from 0% to 80% at 10% increments were tested, 54 experiments in total. X i , where i = 1, 2,…, 54 was used to denote the percentages of mutant gp16. Correspondingly, Y i , where I = 1, 2,…, 54 was used to denote the yields of phi29 virion at these conditions. Therefore, the yield of phi29 virion Y i at condition of A(X i ,Z,K) was analyzed, where A was the percentage of functional motors with all wild type subunits in the ring. μ was used to denote the expectation of yields when there was no mutant, hence μA(X i ,Z,K) could be considered the theoretical yield of phi29 virion at the condition X i . log 10 (Y i )~N(log 10 (μA(X i ,Z,K)), 2 was assumed. Thus, measurement errors for Y i increased exponentially as the percentage of functional motors, A(X i ,Z,K), increased. The best parameters Z and K, as well as μ and σ 2 , were determined through maximum likelihood estimation. The log likelihood function was written as
and for fixed Z and K,
to maximize l(Z,K,μ,σ 2 ). T h e m o s t l i k e l y Z a n d K w i l l m a x i m i z e l Z; K ;μ Z ; K ð Þ;σ 2 Z ; K ð Þ as a function of Z and K. A grid search was used to find the optimal Z and K for all possible combinations of Z = 1, 2,…, 12 and K = 1, 2,…, 12. Figure 3 shows the profile log likelihood function l Z; K ;μ Z ; K ð Þ;σ 2 Z ; K ð Þ evaluated for all Z and K combinations. One can clearly see that (Z,K) = (6,1) maximizes the log likelihood function at − 18.34, which is the maximum likelihood estimator. Notice that (Z,K) = (8,2) gives the second largest log likelihood function at − 22.86. (Z,K) = (5,1), (Z,K) = (10,3), and (Z,K) = (7,1) are close to the third likeliest with log likelihood − 27.58, − 27.91, and − 27.95, respectively. Our data suggest that (Z,K) = (6,1) fits experimental data better than (Z,K) = (5,1). Also (Z,K) = (8,2) has not been reported anywhere, giving a higher log likelihood than (Z,K) = (5,1), but still worse than (Z,K) = (6,1), as we hypothesized. These results strongly support the hexameric stoichiometry of gp16 and the sequential action of the motor ATPase with the fact that one inactive subunit in the hexamer abolishes motor activity.
Once maximum likelihood estimatesẐ ¼ 6 andK ¼ 1 were found, maximum likelihood estimates of μ and σ 2 were obtained as:
The empirical normalized motor activity, when the percentage of mutant gp16 is q, was calculated as
where I(·) was the indicator function that took the value one for X i = q; zero otherwise.
To show that the proposed model with (Z,K) = 6,1 provided an adequate fit of experimental data, the normalized empirical motor activity was plotted with the theoretical motor activity at different Z and K. The theoretical motor activities was demonstrated as shown in Figure 4 (A-F) when fix Z to be 1,2,5,6,7,12 respectively, and vary K at all possible values. The black line represents the empirical normalized motor activity with error bar corresponding to their 95% confidence intervals. The empirical data fits only to the theoretical curve for Z = 6 and K = 1 as shown in Figure 4D . We further tested this by fitting the empirical data into theoretical curve when fix K numbers to be 1, 2, 5, 6, 7 and 12 respectively and vary Z number at all possible values in Figure 5 (A-F) . The empirical data can only fit into the theoretical curve for K = 1 and Z = 6 very well as shown in Figure 5A . Z denotes the total number of eGFP-gp16 per oligomer ring in the motor, and K is the minimum copy number of inactive Walker B mutant eGFP-gp16/ED required in the oligomer ring to block the motor function of wild type gp16. These data clearly show that (Z,K) = (6,1) adequately explains the variability in the experimental data. 
Discussion
We have developed a concise and simple method for the determination of the number of subunits in biological complex and nanobiomachines. The feasibility of applying this method depends on the following three conditions. First, a sensitive system for the assay of the outcome should be available. The main reason we have such elegant and precise data is due to the fact that we have developed a highly sensitive system with a range of 0 to 10 8 for the assay. 41 Second, the experiment was based on the condition that the inactive mutants should have the binding or oligomer incorporation probability or affinity equal to the wild type. This is very important since multi-components are involved in the system. In this report, the Walker B mutant incorporated into the ring equally well as the wild type, since there was only one amino acid mutation in Walker B mutant. The change of gp16 folding after single mutation was very trivial. Third, all mutations should be 100% inactive; otherwise, the outcome of the computation would not be accurate. In the current report, all Walker B mutants were 100% inactive, since the amino acid E was well conserved in the Walter B motif, and one single E mutation rendered the ATP hydrolysis impossible. 26 
